Purpose We investigated the association of alcohol intake with mammographic breast density in postmenopausal women by their hormone therapy (HT) status. Methods This study included 2,100 cancer-free postmenopausal women within the Nurses' Health Study and Nurses' Health Study II cohorts. Percent breast density (PD), absolute dense (DA), and non-dense areas (NDA) were measured from digitized film mammograms using a computer-assisted thresholding technique; all measures were square root transformed. Alcohol consumption was assessed with a food frequency questionnaire (0, < 5, and ≥ 5 g/day). Information regarding breast cancer risk factors was obtained from baseline or biennial questionnaires closest to the mammogram date. We used generalized linear regression to examine associations between alcohol and breast density measures in women with no HT history, current, and past HT users. Results In multivariable analyses, we found no associations of alcohol consumption with PD (p trend = 0.32) and DA (p trend = 0.53) and an inverse association with NDA (β = − 0.41, 95% CI − 0.73, − 0.09 for ≥ 5 g/day, p trend < 0.01). In the stratified analysis by HT status, alcohol was not associated with PD in any of the strata. We found a significant inverse association of alcohol with NDA among past HT users (β = − 0.79, 95% CI − 1.51, − 0.07 for ≥ 5 g/day, p trend = 0.02). There were no significant interactions between alcohol and HT in relation to PD, DA, and NDA (p interaction = 0.19, 0.42, and 0.43, respectively). Conclusions Our findings suggest that associations of alcohol with breast density do not vary by HT status.
Background
Mammographic breast density is a well-established and strong predictor of breast cancer risk [1] [2] [3] [4] . Appearance of the breast on the mammogram is a reflection of the amount of fat, connective tissue, and epithelial tissue in the breast [3] . Light (non-radiolucent) areas on the mammogram represent the fibrous and glandular tissues ("mammographically dense"), whereas the dark (radiolucent) areas are primarily fat. Women with breasts of 75% or greater percent density (proportion of the total breast area that appears dense on the mammogram) are at fourfold to sixfold greater risk of breast cancer compared to women with more fat tissues in the breasts [3, 5, 6] . Absolute dense area of the breast that represents fibroglandular tissue has been shown to be positively associated with breast cancer risk in both pre-and postmenopausal women [7] [8] [9] [10] [11] [12] [13] , while absolute non-dense 1 3 area of the breast (representing adipose tissue) has been inversely associated with breast cancer risk [7, 9, 14, 15] .
Previous studies have suggested a positive association of alcohol consumption with breast cancer [16] [17] [18] . Multiple pathways were suggested as possible explanation for these associations, including alteration of estrogen levels as well as carcinogenic properties of ethanol metabolites that result from their ability to form protein and DNA adducts, disrupt normal anti-oxidative defense system and DNA repair, and cause genomic instability via indirect effect on DNA methylation [18] . Even though the findings on the association between alcohol consumption and breast density have been inconsistent across the studies, a recent meta-analysis suggests an overall positive association [19] .
Postmenopausal hormones have been shown to consistently increase breast cancer risk and mammographic breast density [20] [21] [22] [23] [24] . Some previous studies suggest an interaction between alcohol use and postmenopausal hormones in relation to breast cancer risk (OR 4.74, 95% CI 2.61-8. 59 for those who had an intake of more than 2 drinks/day and took hormones versus abstainers who did not use hormones) [25] . Alcohol could potentially interact with postmenopausal hormones via its stimulating effect on aromatase and subsequent increase in active estrogen levels in the peripheral tissues, including the breast [26, 27] . Further, interactions of alcohol with variety of medications attributable to its stimulating effects on CYP3A4 that metabolizes large proportion of xenobiotics have been previously reported [28, 29] . Long-term alcohol consumption also induces activity of CYP1A2, CYP2A6, CYP2E1 which together with CYP3A4 metabolize up to 90% of xenobiotics [30] . On the other hand, exogenous hormones such as hormone replacement therapy may also inhibit activity of selected CYP450 enzymes, thus further supporting potential interaction between alcohol consumption and hormone therapy [31] . However, the data on the possible interactions of alcohol use with hormone therapy (HT) with respect to breast density are very limited. Using Nurses' Health Study (NHS) and the Nurses' Health Study II (NHSII) cohorts, we examined associations of alcohol consumption with percent density, absolute dense, and non-dense areas by woman's hormone therapy status.
Methods

Study population and design
Women included in this study were selected from participants of the nested case-control study within Nurses' Health Study (NHS) and Nurses' Health Study II (NHSII) cohorts. These prospective cohorts followed registered nurses in the United States who were 30-55 years (NHS) or 25-42 years old (NHSII) at enrollment. After administration of the initial questionnaire, the information on breast cancer risk factors and any diagnoses of cancer or other diseases was updated through biennial questionnaires [3, 32] .
A nested case-control approach was originally used as an efficient design to examine the association between selected biomarkers and breast cancer risk within the NHS and NHSII [3, 33] . Using incidence density sampling, women without cancer history (other than non-melanoma skin cancer) at the time of the case's cancer diagnosis (controls) were matched 1:1 or 1:2 with women diagnosed with in situ or invasive breast cancer (cases). Matching variables included age at the time of blood collection, menopausal status and postmenopausal hormone use (current vs. not current) at blood draw, and day/time of blood draw; for NHSII, additional matching included race/ethnicity and day in the luteal phase [34] . Our analysis included controls from these case-control studies nested in NHS and NHSII cohorts. We attempted to obtain mammograms closest to the time of blood collection (or ~ 1,997 for those who did not provide blood samples). From all eligible women, 2,334 postmenopausal women provided consent and had a usable mammogram for density estimation. Of these women, 2,100 (90%) had data on recent alcohol consumption and postmenopausal hormone use. This study was approved by the Institutional Review Board at the Brigham and Women's Hospital. Consent was obtained or implied by return of questionnaires.
Assessment of alcohol consumption
Information on alcohol consumption was obtained from semi-quantitative food frequency questionnaires [35] . In NHS, questions regarding alcohol consumption were asked in 1980, 1984, 1986, and 1990 . Women reported their average consumption of beer, wine, and liquor separately in the prior year. One drink was considered equal to one can or bottle of beer, a 4-oz glass of wine, or one drink or shot of liquor. Participants were asked to select from the following categories: almost never, 1-3 per month, 1 per week, 2-4 per week, 5-6 per week, 1 per day, 2-3 per day, 4-6 per day, 6 or more per day. Similarly, women in NHSII answered questions on consumption of alcohol in the 1989 and 1991 questionnaires. In 1991, the NHSII alcohol questions were expanded to include red wine, white wine, light beer, regular beer, and liquor. Total alcohol consumption per questionnaire cycle was calculated as the sum of the daily number of drinks multiplied by the average alcohol content per type of alcoholic beverage (12.8 g for regular beer, 11.3 for light beer, 11.0 g for wine, and 14.0 g for liquor) [36, 37] . Alcohol consumption in these cohorts has been shown to be valid and highly reproducible in repeated assessments [38] .
Women were assigned the alcohol exposure from the cycle closest to the date of the mammogram. If alcohol consumption was missing from the questionnaire before the mammogram date, the exposure from the preceding cycle was used [37] .
In the current analysis, we used both a continuous (g/ day) as well as categorical measure of alcohol consumption (0 [reference], 0-< 5, and ≥ 5 g/day). Median levels within respective categories (0, 1.8, and 11.8) were used for the test of trend. In a secondary analysis, we considered cumulative average alcohol consumption using all available data from before the mammogram date.
Assessment of mammographic breast density
To quantify mammographic density, the craniocaudal views of both breasts for all mammograms in the NHS and for the first two batches of mammograms in the NHSII were digitized at 261 µm per pixel with a Lumisys 85 laser film scanner (Lumisys, Sunnyvale, CA) with bit depth of 12. The third batch of NHSII mammograms was digitized using a VIDAR CAD PRO Advantage scanner (VIDAR Systems Corporation; Herndon, VA) and comparable resolution of 150 dots/in. and 12 bit depth. The Cumulus software (University of Toronto, Toronto, Canada) was used for computer-assisted determination percent mammographic density and absolute dense area and non-dense areas on all mammograms [3, 39] . As reported previously, the measure of breast density from NHS mammograms was highly reproducible (within-person intraclass correlation coefficient = 0.93) [3] . All NHSII images were read by a single reader. Although within batch reproducibility was high (intraclass correlation coefficient ≥ 0.90) [7] , density measures varied across the NHSII batches. We included a small subset of identical mammograms in all batches to account for batch drift in density measurement readings. The density measures from the second and third batches of NHSII mammograms were adjusted to account for the batch effect (whether due to intra-reader variability or scanner), as previously described [40] . Additionally, to assess the potential variability in percent density by scanner, we conducted a pilot study of 50 mammograms. These mammograms were scanned using both the Lumysis 85 laser scanner and the VIDAR CAD PRO Advantage scanner; percent density was measured by the same observer using Cumulus. The correlation between percent density as measured by the two scanners was 0.88; the mean difference was 2.3% points [41] .
Percent breast density was measured as percentage of the total area occupied by epithelial/stromal tissue (absolute dense area) divided by the total breast area. Because breast densities of the right and left breast for an individual woman are strongly correlated [39] , the average density of both breasts was used in this analysis.
Covariate information
Information on breast cancer risk factors was obtained from the biennial questionnaires closest to the date of the mammogram. Women were considered to be postmenopausal if they reported (1) no menstrual periods within the 12 months before blood collection with natural menopause, (2) bilateral oophorectomy, or (3) hysterectomy with one or both ovaries retained, and were 54 years or older for ever smokers or 56 years or older for never smokers [42, 43] .
Statistical analysis
We used multivariate generalized linear regression to examine the associations of alcohol intake with percent density, absolute dense, and non-dense areas. Because density measures were non-normally distributed, we used square root transformation to improve normality in all the regression analyses. The regression estimates were adjusted for age (continuous), body mass index (continuous), age at menarche (< 12, 12-13, > 13 years), parity and age at first child's birth (nulliparous, parous with age at first birth < 25 years, or parous with age at first birth of ≥ 25 years), a confirmed history of benign breast disease (yes, no), a family history of breast cancer (yes, no), study cohort, and age at menopause (< 46, 46-< 50, 50-< 55, ≥ 55, unknown). To assess the overall trend for alcohol consumption, we used respective medians within each category.
Stratified analysis was performed for women with no history of HT, past, and current HT. Differences in the associations of alcohol consumption with breast density by hormone therapy status were evaluated with two-way interactions and using Wald Chi-square test. We used respective medians within each of the alcohol consumption categories to model the interaction. Additionally, among current hormone therapy users, we examined separately associations among women using combined estrogen plus progesterone hormone therapy. In a secondary analysis, we used cumulative average alcohol consumption to examine the associations with breast density. Statistical significance in all the analyses was assessed at 0.05 level. The analyses were performed using SAS software (version 9.2, SAS Institute, Cary, NC, USA).
Results
In this study of 2,100 cancer-free women, the average age at the mammogram was 58 years (range 35-84). Of these women, 748 (35.6%) never used hormones, 420 (20%) used HT in the past, and 932 (44.4%) were currently on HT. As compared to women who did not drink, women in the highest category of alcohol consumption (≥ 5 g/day) had a greater mean percent density (28 
In the overall analysis, we found no associations of alcohol consumption with percent density (β = − 0.06, 95% CI − 0.22, 0.09 for < 5 g/day and β = 0.06, 95% CI − 0.11, 0.22 for ≥ 5 g/day, p trend 0.32) and absolute dense area (β = − 0.00, 95% CI − 0.25, 0.25 for < 5 g/ day and β = − 0.08, 95% CI − 0.34, 0.19 for ≥ 5 g/day, p trend = 0.53). Greater alcohol consumption was associated with larger absolute non-dense area (β = 0.11, 95% CI − 0.19, 0.41 for < 5 g/day and β=− 0.41, 95% CI − 0.73, − 0.09 for ≥ 5 g/day, p trend < 0.01) ( Table 2 ).
In the stratified analysis by woman's HT status, alcohol consumption was not associated with percent density or absolute dense area in any of the strata (Table 3) . We found a significant inverse association of alcohol intake with non-dense area among women with past hormone therapy β = − 0.79, 95% CI − 1.51, − 0.07 for ≥ 5 g/day, p trend = 0.02. There were no significant interactions between alcohol consumption and hormone therapy in relation to percent density, absolute dense, and non-dense area (p interaction = 0.19, 0.42, and 0.43, respectively). Association patterns in women with current use of combined therapy were similar to those among current HT users.
In the secondary analysis, associations of cumulative average alcohol consumption with breast density by HT status were similar (Supplementary Table 1 ). In this analysis, we found a significant interaction of alcohol use with HT in relation to percent density (p interaction = 0.04) and a marginally significant interaction in relation to absolute dense area (p interaction = 0.06). 
Discussion
In this study of cancer-free postmenopausal women, we investigated the associations of alcohol intake with mammographic density by the woman's HT status. We found no associations of alcohol intake with percent density and absolute dense area. Inverse associations of regular alcohol intake with absolute non-dense area were limited to past hormone users. Our findings did not support a hypothesis that associations of alcohol consumption with breast density differ by the woman's HT status. Previous studies have consistently found a positive association of alcohol consumption with breast cancer risk in postmenopausal women [16] [17] [18] . It has been suggested that this effects may be explained by carcinogenic properties of acetaldehyde which is formed from ethanol mainly in the liver as well as peripheral tissues, including breast. Acetaldehyde has the ability to disrupt normal cellular regulation by forming protein and DNA adducts and thus interfering with normal anti-oxidative and DNA repair mechanisms [18] . Higher alcohol intake has been also linked to an increase in estrogen levels and subsequent stimulation of cell proliferation [18] . Higher levels of circulating hormones have been noted after alcohol consumption by women currently using HT [44] and several studies suggested a stronger association of alcohol intake with breast cancer risk in current HT users [25, 45, 46] . In addition, in postmenopausal women alcohol consumption has been reported to increase the levels of circulating insulin-like growth factor (IGF)-1 [47] which plays an important role in breast carcinogenesis Table 3 Associations of alcohol with breast density measures by woman's postmenopausal hormone therapy status Adjusted for age (continuous), BMI (continuous), age at menarche (< 12, 12, 13, > 13), a family history of breast cancer (yes/no), a history of benign breast disease (yes/no), NHS cohort (NHS, NHSII), age at menopause (< 46, 46-< 50, 50-< 55, ≥ 55, unknown), and parity and age at first child's birth (nulliparous, parous with age at first birth < 25, parous with age at first birth ≥ 25)
HT hormone therapy, E + P estrogen + progesterone therapy 1 3 [48] . Finally, long-term alcohol consumption has stimulating effects on CYP 450 enzymes (CYP3A4, CYP1A2, CYP2A6, and CYP2E1) which together metabolize up to 90% of xenobiotics, including those with potential endocrine disrupting properties [28] [29] [30] . Positive associations of alcohol consumption with percent breast density were reported by some previous studies, though the evidence remains inconsistent [49] [50] [51] . Despite biological plausibility that associations of alcohol consumption with breast density may vary by woman's hormone therapy status, the evidence on potential interaction between alcohol consumption and HT remains very limited. A recent extreme phenotype case-control study of 265 women with high density and 860 women with fatty breasts investigated interactions of HT with alcohol intake in a population-based longitudinal cohort with 18 years of follow-up and multiple mammograms per woman [52] . Breast density phenotype was defined using all mammograms available for a woman. Cases were defined as having high density equivalent to BI-RADS breast category IV (extremely dense) on any of their mammograms. Women who had low density (equivalent to BI-RADS density category I [fatty breasts]) on all of their mammograms served as controls. The HT was classified as any history of HT versus no history and drinking was defined as none versus any. The study has shown that the positive association of alcohol with breast density was stronger in women who ever used HT (alcohol use ever use vs. never OR 3.6, 95% CI 1.7-7.7) as compared to women with no HT history (alcohol use ever use vs. never OR 1.6, 95% CI 1.1-2.4, p interaction < 0.001) [52] . Another study of population-based sample of postmenopausal women (n = 1147) suggested that alcohol intake was positively associated with percent density and absolute dense area in current HT users but not in non-current users (p interaction = 0.06 and 0.04, respectively) [53] . Unlike these reports, our findings did not suggest any interactions between recent alcohol consumption and HT status, though the magnitude of the associations between alcohol consumption and absolute non-dense area appeared to be the largest among past HT users. In our study, the median alcohol intake was 1.6 g/day and 75th percentile was 6.4 g/day (range 0-9.0 g/day), which along with differences in definition of alcohol consumption categories and breast density assessment may explain inconsistency of our findings as compared to previous reports.
We found an inverse association of alcohol consumption with absolute non-dense area. Though the interaction was not significant, the magnitude of the association between alcohol and absolute non-dense area appeared to be the largest among postmenopausal women who used HT in the past. An association with reduced absolute area of non-dense tissue has been previously reported [53] which could potentially be explained by its fat-reducing effect on various tissues, including breast, due to high energy demanding nature of the microsomal ethanol oxidation which dominates in women [54] as well as alcohol-associated increase in thermogenesis [53, 55] . It is unclear, however, why the largest decrease in the absolute nondense area is seen in women with past HT, and future studies are warranted to elucidate potential mechanisms behind these association patterns.
Our study is the largest study to date that systematically investigated associations of alcohol consumption with mammographic breast density among postmenopausal women and by woman's HT status. The analysis used data from the NHS and NHSII cohorts with more than 25 years of followup, ascertainment of disease status, and comprehensive information on breast cancer risk factors and breast density. Our study has a few limitations. The examined associations are based on the density measures from a single mammogram which might not be reflective of the woman's life-long density pattern; however, studies have suggested that a single measure can predict breast cancer risk for up to 10 years in both pre-and postmenopausal women [6, 56] . Despite the prospective nature of the cohort, potential errors in recall of alcohol consumption are possible. However, previous validation studies suggest reasonable reproducibility and validity of the data from food frequency questionnaires for the use in studies of associations between diet and health outcomes in epidemiologic studies [57, 58] . High accuracy in self-reported alcohol consumption has been reported in both men and women, including in Nurses' Health Study [38, 59, 60] . There was a high correlation between alcohol intake reported on food frequency questionnaire and that assessed by multiple week diet records over the same period (r = 0.90). Moreover, 4 years after completing the diet record, another assessment was done to collect self-reported alcohol intake over the previous 4 years. These measures were highly correlated as well (r = 0.84). This evidence suggests that a food frequency questionnaire provides reliable and sufficiently accurate information on alcohol intake over an extended period of time for use in epidemiologic investigations [38] . Finally, we were unable to examine the associations of alcohol with breast density for types of HT other than combined estrogen + progesterone therapy as the numbers of women in those strata were insufficient.
In conclusion, we investigated the associations of alcohol intake with percent density, absolute dense, and nondense areas by woman's HT status. Our findings suggest inverse associations of alcohol consumption with absolute non-dense area in postmenopausal women overall and in women with past HT. Further studies are warranted to confirm our findings, to elucidate potential mechanisms for stronger associations of alcohol with absolute nondense area in this subset of postmenopausal women, and to explore the potential differences in association patterns by the type of HT.
